Abstract-We tested the null hypotheses that neither age, gender nor muscle pre-cocontraction state affect the latencies of changes in upper extremity kinematics or elbow muscle activity following an impulsive force to the hand. Thirtyeight healthy young and older adult volunteers lay prone on an apparatus with shoulders flexed 75°and arms slightly flexed. The non-dominant hand was subjected to three trials of impulsive loading with arm muscles precontracted to 25, 50, or 75% of maximum pre-cocontraction levels. Limb kinematic data and upper extremity electromyographic (EMG) activity were acquired. The results showed that precocontraction muscle level (p < 0.001) and gender (p < 0.05 for wrist and shoulder) affected joint displacement onset times and age affected EMG onset times (p < 0.05). The peak applied force (F 1 ) occurred a mean (± SD) 27 (± 2) ms after impact. The latencies for the wrist, elbow, and shoulder displacements were 21 ± 3, 29 ± 5, and 34 ± 7 ms, respectively. Because the latencies for elbow flexion and lateral triceps EMG were 23 ± 5 and 84 ± 8 ms, respectively, muscle pre-activation rather than stretch reflexes prevent arm buckling under impulsive end loads.
INTRODUCTION
The upper extremities are typically the first line of defense to protect the head and torso while bracing for a frontal car crash 14 or arresting a fall to the ground. 10 To prevent a slightly flexed limb from buckling under an impulsive load applied to the hand, 9, 11, 18 the arm muscles are usually precontracted to brace the arm for impact. 10, 19, 20, 29 Muscle pre-cocontraction may be required 4 because the impulsive ground reaction force on the hand peaks rises so quickly: within a few tens of milliseconds at the hand, and within one hundred milliseconds for the proximal extremity. 9, 10, 12, 16 Impulsive loads can reach 2-3 times body weight (BW) for a fall from even half standing height 9, 20 and 1-4 kN for a fall from standing height, 12 enough to cause wrist fracture on a hard surface. 15 If muscle pre-cocontraction is not used, and one instead has to rely upon neuromuscular reflexes to increase muscular resistance to arm buckling after onset of the impulsive load to the hand, it is not known whether the muscle reflexes are sufficiently rapid that they can effectively increase muscle stiffness before the muscle is forcibly stretched by limb flexion under gravitational and inertial loading. Furthermore, it is not known how long it takes before the elbow begins to flex when an arm is end-loaded. Finally, it is not known whether, once the elbow flexion starts, the triceps muscle reflex is rapid enough to increase muscle resistance to stretch before the elbow flexion phase is complete. One of the goals of this study is to find answers to these questions.
It is known that maximally tensing a striated muscle can increase its stiffness and damping by 50%, 2 so increasing triceps muscle tension to half maximal values should increase its tensile stiffness by about 25%. To voluntarily increase striated muscle force by halfmaximal values ''as fast as possible'' took 74 ms in young females, 87 ms in older females, 92 ms in young males, and 95 ms in older males. 28 So, it takes approximately 90 ms to increase muscle tension by half-maximal values, and muscle stiffness by 25%.
The age and sex of an individual can also affect the time for propagation of the impulsive force along a limb, because they affect the length and mass distribution of the upper extremity. For example, young women typically weigh 17% less than young men and have 8% shorter stature. In addition, young women and men weigh 9 and 5% less than older women and men, respectively. 21 These systematic differences might affect propagation latencies since an impulsive force will take more time to propagate the length of a longer male limb segment than a shorter female limb segment. And larger segmental masses can affect the momentum transfers from one arm segment to the next. For example, Wong et al. found a positive relationship between the longitudinal stress wave velocity and higher mass per unit length of the human bones. 32 Finally, in terms of reflex latencies, nerve conduction velocity is known to be affected by age; for example, above 60 years the conduction velocity decreases by 1.5% per decade. 7, 22, 30 The speed of a compressive stress along a human long bone in vivo has been reported as 351 and 266 ms 21 for male and female tibia at the medial malleolus 32 ; these value have been corroborated by others on the anteromedial aspect of the tibia. 6, 13 We might guess that the axial acceleration of the soft tissues (i.e., muscle, fat, and skin) overlying a bone would lag that of the bone because of their compliant coupling to the bone. 25 Hence a compressive stress wave traveling 0.5 m from the hand to the triceps' bony origin will take approximately 1.5 ms. Since, muscle spindles are exquisitely sensitive to stretch 3 and vibration, 5 it is therefore theoretically possible that a muscle spindle in the triceps muscle could begin to sense triceps muscle stretch 2 ms after the onset of the ground reaction force, 22 even though no elbow flexion has yet occurred. The latency of the monosynaptic reflex is mainly governed by the maximum conduction velocity, 50 ms 21 , 22,26,30 of the largest nerve axons in the nerve to triceps. So, the monosynaptic reflex latency for triceps should take about 20 ms for a 1 m long reflex arc length. This type of non-traditional monosynaptic reflex, which could be initiated by the proximal axial acceleration of the bony origin of the triceps muscle in the direction of the applied end-load to the limb, could potentially be significantly more rapid than the onset of traditional mono-and polysynaptic reflexes related to elbow flexion. The latter have been measured by Dietz et al. in a fall arrest to bẽ 25 and~50 ms, respectively.
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The goal of this paper, therefore, was to test the primary (null) hypotheses that neither gender, age, nor level of pre-cocontraction affect the time it takes an impulsive force to propagate proximally along the upper extremity in healthy adults. The secondary hypothesis was that this propagation time is always shorter than the latency of the triceps EMG response to elbow flexion caused by impulsive loading. To help interpret the results, a forward dynamics model was used to explore how the magnitude of hand preload affects impulse propagation times along the upper extremity.
METHODS
Ten healthy young males of mean (± SD) age of 25.5 (± 2.7) years, eight healthy young females of 24.5 (± 3.1) years, 9 healthy old males of 69.4 (± 3.4) years, and 11 healthy old females of 67.7 (± 2.4) years gave written informed consent to participate in the study, which was approved by the institutional review board. Mean height and mass for the young males were 1.795 (± 0.077) m and 75.88 (± 6.74) kg, for the young females were 1.683 (± 0.060) m and 60.96 (± 7.67) kg, respectively, and for the old males were 1.734 (± 0.085) m and 74.73 (± 11.83) kg and for the old females were 1.623 (± 0.039) m and 59.20 (± 7.01) kg, respectively. Subjects were screened by telephone to exclude any chronic illnesses or upper extremity fractures or sprains within the previous year.
An Optotrak Certus camera (Northern Digital, Inc., Waterloo, Canada) was used to measure the displacements of 15 arm, shoulder, and neck optoelectronic markers taped to the skin over wrist, elbow, and shoulder joint bony landmarks (Fig. 1) . We placed quadruple surface electromyographic (EMG) electrodes (Trigno TM Wireless System, Delsys, Inc., Boston, MA, USA) on the skin over the mid belly of selected arm muscles to measure non-dominant arm muscle activity. Each Trigno TM electrode also contained a triaxial accelerometer from which signals were recorded. Each subject was asked to warm up his/her arm muscles by doing various stretches and several push-ups. We then measured subject's resting and maximum voluntary pre-cocontraction (MVC) EMG levels of the triceps brachii (lateral head) muscles during elbow and shoulder flexion, extension and aband adduction by pulling up or pushing down on an handle attached to a vertical cable in series with an uniaxial force transducer (TLL-500, Transducer Techniques, Temecula, CA, USA).
Next, each subject was asked to lie prone on a table with the base of the left hand ''lightly touching'' a 6-axis force transducer (MC3A-1000, AMTI, Newton, MA, USA) mounted at one end of a 76 mm 9 152 mm 9 2,032 mm hollow aluminum beam having a rectangular cross-sectional shape and wall thickness 6.35 mm (Fig. 1) . The preload on the transducer was not controlled. The beam was pivoted at its midpoint about a fulcrum formed from a pair of collinear needle bearings and mounted on an axle in the horizontal plane.
The initial flexion angle of the elbow was adjusted to 25°. When ready, the subject was asked to hold his/her hand ''lightly'' in contact with the force transducer and to concentrate on monitoring EMG biofeedback from his/her lateral head of the triceps muscle activity on a display screen and maintaining triceps activity either at rest, or 25, 50, and 75% MVC values from the main agonist muscle. A weight of 23 kgf was released (see Fig. 1 ) from a fixed height of 720 mm to impact the top surface of the other end of the beam, thence applying an upward impulsive force to the wrist via the force transducer, thereby causing elbow flexion, and shoulder adduction and trunk extension. The subject was instructed ''not to intervene'' before, during and after the weight drop. For example, if the trial was conducted with 75% MVC, the subject was instructed to contract the target muscle steadily at 75% of MVC during the test. At least three trials were conducted at each of the three levels of muscle activation, and these were presented in randomized order.
3-D kinematics data were measured at 280 Hz from 15 infrared-emitting diodes adhered to the skin with double-sided tape. The kinematics and force data were digitally low-pass filtered (MATLAB, The MathWorks, 4th order Butterworth) with cutoff frequencies of 30 and 300 Hz. 9, 20 Surface electromyography (EMG) data were collected at 4 kHz. A band-pass 6th order filter with breakpoints at 40 Hz and 500 Hz was used to attenuate any movement artifacts in the EMG signal. Then, the EMG data were rectified and digitally low-pass 4th order Butterworth filtered with a cutoff frequency of 30 Hz.
12,27 EMG data were normalized by maximum MVC values. The muscle pre-cocontraction state for each trial was determined as the mean value of a 100 ms time window 50 ms before the weight drop. The onset time of displacement of each joint marker was calculated using MATLAB routines as the intersection of two linearly extrapolated lines: the baseline level line, defined from 100 ms before the impact, and the slope of the signal for 150 ms following the impact. 27 Similarly, the rectified EMG onset time of the target agonist muscle (i.e., lateral triceps brachii) was determined by a MATLAB routine when it exceeded the threshold at the mean plus two standard deviation (SD) value. Peak force values were identified using a MATLAB moving window routine to find local maximum and minimum values.
Typical temporal measurements for each signal in a subject are shown in Fig. 2 . The red circles in the plots (a), (b), (c), and (d) show the onset of each joint marker displacement: t a was defined as the onset of wrist marker displacement; t b , the onset of elbow rotation (h elbow ); t c , the onset of elbow linear displacement; and t d , the onset of the shoulder displacement. In the force graph (e), the red circles represent; t 0, the onset (0 ms) of the impulsive force (F 0 ); t 1 , the latency of the first peak in that force signal (F 1 ); t 2 , the latency of second peak force (F 2 ); t 3 , the latency of the first minimum (F 3 ) in the force trace between F 1 and F 2 . The bottom plot (f) shows raw (blue dotted line) and the filtered (magenta solid line) EMG data with the onset time indicated by the solid vertical red line, t e . FIGURE 1. Apparatus for the impulsive end loading test of a human upper extremity. Each subject lay on a padded table with left hand positioned on a force transducer (F). The subject was asked to concentrate on monitoring EMG biofeedback from his/her elbow extensor muscle activity on a display screen (S) and maintaining it at a certain level of effort. A weight (W) of 23 kgf was released onto the end of the lever-arm (B) by a remote trigger, applying an impulsive force to the wrist (at the other end of lever arm) causing elbow flexion and shoulder adduction (the end of the lever-arm position being changed from B to B¢). Alpha (a) and theta (h) represent shoulder and elbow flexion angles, respectively. FIGURE 2. Temporal plots for one trial in Subject OFZC showing the onset times of landmark movement (a-d); measured impulsive force (e); and EMG in the lateral triceps brachii (f). t 0 represents the onset (0 ms) of the impulsive force (F 0 ); t 1 , the latency of the first peak in that force signal (F 1 , 27 ms); t 2 , the latency of second peak force (F 2 , 120 ms); t 3 , the latency of the first minimum (F 3 , 63 ms) in the force trace between F 1 and F 2 ; t a , the onset of wrist marker displacement (21 ms); t b , the onset of elbow rotation (h elbow , 23 ms); t c , the onset of elbow linear displacement (29 ms); and t d , the onset of the shoulder displacement (34 ms). The bottom plot (f) shows raw (blue dotted line) and the filtered (magenta solid line) EMG data with the onset time indicated by the solid vertical red line, t e (84 ms).
Data Analyses
Descriptive statistics were calculated for peak force, joint marker and EMG onset times. A repeated measures analysis of variance (rm-ANOVA) was used to test the null hypothesis for age, gender, and three different muscle pre-cocontraction levels using SAS 9.3 software. An analysis of covariance (ANCOVA) was used to examine the relationship between preload and pre-cocontraction and their effects on results. A p value of less than 0.05 was considered statistically significant for the three main effects (primary hypothesis). A Bonferoni correction was used for the interactions.
Forward Dynamics Model
To examine the effect of hand preload on the results, forward dynamics calculations of upper limb segment kinetics were analyzed using MD Adams TM (MSC. Software Corporation, version 2010). A 3-D, sagittally symmetric, four-link (including hand, forearm, upper arm, and clavicle), lumped parameter, musculoskeletal representation of a 50th percentile male upper extremity was modeled. Arm segments were assumed to be connected by two frictionless revolute joints representing wrist and elbow joints and by two frictionless spherical joints at shoulder and sternoclavicular joints. Segment anthropometric, mass, and inertial properties were assigned based upon the literature. 31 The model arm muscles were represented by a torsional spring and damper in parallel at the elbow, and again at the shoulder and sternoclavicular joints, with average tensile stiffness and damping coefficients for either 25, 50, or 75% MVC levels taken from the literature. 18 The model hand-wrist was loaded in a proximal direction with a force time history and peak values equal to the average values measured in each of three blocks of impulsive loading tests. Model kinematic responses were simulated based on preloads of 0, 50, and 100 N, and pre-cocontraction levels of either 25, 50, and 75% MVC. For each test condition, the mean modelpredicted onset times of the linear displacements at each joint and angular displacement at the elbow were calculated to examine the effect of hand preload on impulse transmission times along the extremity.
RESULTS
A typical temporal history for each signal in a subject is shown in Fig. 2 . Across all subjects, the peak applied force (F 1 ) occurred a mean (± SD) 27 (± 2) ms after the onset of the applied force (t 1 in Table 1 ). Similarly, the onset times for displacements of the wrist, elbow, and shoulder markers were 21 (± 3) ms, 29 (± 5) ms, and 34 (± 7) ms, respectively (t a , t c , and t d in Table 1 ). The corresponding onset times for elbow flexion and lateral triceps brachii muscle activity were 23 (± 5) and 84 (± 8) ms, respectively (t b and t e in Table 1 ). The second peak (F 2 ) was reached at 120 (± 9) ms and the minimum value (F 3 ) at 63 (± 5) ms, respectively (t 2 and t 3 in Table 1 ).
In terms of the hypothesis testing, Table 2 shows the main effect of age, gender, and pre-cocontraction level and the interaction of the onset times of each joint and the latencies of the force signals, and EMG onset time in the lateral triceps brachii. The ANOVA (Table 2) demonstrated a significant gender effect, age effect, and pre-cocontraction level effect on onset times. Age affected EMG onset time, gender affected wrist and shoulder displacement onset times, and pre-cocontraction level significantly affected all kinematic onset times, as well as the time to first and second peak applied force. While the higher pre-cocontraction level was associated with a more rapid onset time for each joint marker, the lower pre-cocontraction level was associated with a shorter time to reach the first peak force (F 1 ). Although the wrist marker in males started to displace earlier, the latencies of propagation proximal to the shoulder marker was longer than in the females. Young adults had significantly shorter EMG onset times than older adults (p < 0.05).
Average values of the initial force (F 0 ), the first peak force (F 1 ), and the second peak force (F 2 ) were higher in young and male subjects, as well as in higher precocontraction level condition, than in old or female subjects, and in the lower pre-cocontraction level condition ( Table 3 ). The muscle pre-cocontraction level was found to have a significant effect on the onset times of arm joint displacements in the current study. The relationship between the pre-cocontraction level and the preload, which was represented as F 0 (the In this and Table 4 , the values of the F statistic (F) and probability (p) are given for each variable. * p < 0.05.
initial force), is shown in Tables 3 and 4 . The other two peak forces (F 1 , F 2 ) including F 0 were significantly affected by the pre-cocontraction level (p < 0.0001).
Since subjects had some difficulty in maintaining steady cocontraction levels prior to loading, we analyzed the mean (± SD) RMS EMG activity at the 25, 50, and 75% cocontraction levels over the last 100 ms prior to impact. These values were 0.055 (± 0.015) mV, 0.077 (± 0.021) mV, and 0.101 (± 0.035) mV, respectively.
The increase in elbow flexion angle in the first 150 ms following impact averaged (± SD) 21.1 (± 5.4)°and 27.1 (± 6.4)°in the young and old, respectively; 20.1 (± 4.0)°and 28.1 (± 6.4)°in the males and females, respectively; and 25.1 (± 6.1), 24.1 (± 6.8), and 23.5 (± 7.0) for the 25, 50, and 75% MVC trials, respectively.
The forward dynamic upper extremity model predicted that increasing muscle stiffness had less of an effect on joint displacement onset times than increasing the preload on the hand. For example, the model joint displacement onset times (t a 2 t d ) were shortened by 5% when the pre-cocontraction level was increased from 25 to 75%MVC, but shortened by an average of 15% when the preload was increased from 0 to 100 N (Table 5 ). Pre-cocontraction was predicted to have a larger effect on the increase in elbow angle than preload in this model.
DISCUSSION
This study provides the first experimental evidence for the effect of age, sex, and muscle pre-cocontraction level on the kinematics of the upper extremity loaded under large impulsive end-loads. The main hypotheses were rejected in that the ANOVA (Table 2 ) demonstrated a significant gender effect, age effect, and precocontraction level effect on onset times. The secondary hypothesis was supported in that even the longest latency to onset of the shoulder marker in any subject was approximately 40 ms, with the onsets of displacements at the wrist and elbow being shorter (Table 1), and all these latencies being substantially shorter than the mean EMG onset time of the lateral triceps brachii measured at 84 ms (Fig. 3) .
Although several significant interactions were found (i.e., age 9 gender, age 9 pre-cocontraction, or gender 9 pre-cocontraction, Table 2 ) they do not seriously affect the main conclusions that gender, age and precontraction level affect onset times.
As far as the secondary hypothesis is concerned, the results suggest that the elbow began to flex 6 ms before the origin of the triceps started to displace, so the triceps EMG response at 84 ms was most likely triggered by arm flexion rather than axial movement of the bony origin of the triceps muscle in the direction of the impulsive force, as discussed in ''Introduction''. The results also suggest that there is not sufficient time for longer loop neural reflexes to modulate arm buckling resistance before the 84 ms onset of triceps stretch. This latter was either caused by induced elbow flexion (onset of 23 ms) or onset of the proximal displacement of the origin of the triceps muscle near the acromion marker (34 ms). Given the~90 ms Thelen et al.
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found it takes to increase tension, and therefore tensile stiffness, by half-maximal values (see ''Introduction''), it is highly unlikely that any muscle reflex can significantly increase the tensile stiffness of the triceps before it is forcibly stretched at 23 ms. This is true even if the onset of the impulsive force was so rapid that it triggered a flexural stress wave along the bones of the upper arm to set up longitudinal vibrations that initiated a stretch reflex in the triceps muscle. The 84 ms onset of lateral triceps brachii muscle activity after impact is consistent with empirical studies conducted over the past 60 years (for review, see Pruszynski and Scott). 24 For example, typical elbow muscle responses following stretch yield an initial peak reflex response 20-50 ms after the perturbation (the 'shortlatency response') 23 based on a monosynaptic contribution. A second peak, occurring 50-100 ms after the perturbation, is termed the 'long-latency stretch response' based on polysynaptic contributions. Our 84 ms triceps response therefore belongs in this latter category. The final myoelectric burst, called the 'voluntary response', occurs after 100 ms and involves feedback control Their effects on the predicted increase in elbow flexion angle that occurred over the first 150 ms following impact are shown in the last column. Table 1 .
processes ('relatively slow motor response'). 17 These were not considered in the present study.
The forward dynamic simulation model predictions (Table 5) suggested that the preload applied by the hand to the force transducer before it started to accelerate likely affects the displacement onset times at each joint. The zero preload condition (0 N) approximated the in vivo situations of arresting a fall to the ground, 10 while larger preloads represent bracing for a frontal car crash.
14 The forward dynamic model predictions were verified by comparing the predicted joint displacement onset times for the range of hand preload conditions with the experimental results (c.f., Tables 1, 5 ). The experimental results showed that the preload (F 0 ) was significantly affected by the pre-cocontraction level and gender (Table 4 ) so one cannot separate the effects of the higher pre-cocontraction levels from those caused by the larger preloads. But the forward dynamics model allows one to separate those effects (Table 5 ). In addition, the ANCOVA results showed that the effect of a preload on arm kinematics during the 25% pre-cocontraction level was significantly greater than that at 50 and 70% levels.
In general, the higher the arm muscle pre-cocontraction level, the faster the stress wave can travel through the stiffer muscles overlying the bone, 25 and this explains the shorter onset time of the wrist, elbow and shoulder joint displacements at higher pre-cocontraction levels. A confounder was that the higher precocontraction levels were also associated with high preloads on the stationary hand/wrist of a subject. However in our experiment, the presence of that preload was a safety measure to prevent the beam and force transducer accelerating so as to cause an excessive, and therefore potentially unsafe, 1 impact force on the stationary hand/wrist of an older subject.
Limitations of our methods include the possible presence of movement artifact in the triceps muscle activity responses. We noticed a large positive crosscorrelation coefficient, ranging from 0.68 to 0.98, between the EMG signal and the measured linear accelerations of the wireless EMG electrode/amplifier over the first 84 ms post-impact. The linear accelerations were measured from the onboard 3-axis Trigno TM accelerometers during the 40 ms post-impact time frame (Fig. 4) . The presence of motion artifact on the Trigno TM wireless system is surprising given the double differential design of the preamplifier which should have attenuated signals common to the two pairs of electrodes. We cannot exclude the possibility that a monosynaptic stretch reflex might have increased EMG signal in the 25 ms after impact, but given that a maximum EMG pre-cocontraction takes 88 ms 27 to peak and that it takes 90 ms for muscle to reach 50% MVC, 28 it is unlikely that monosynaptic reflexes could have had much mechanical effect prior to 80 ms.
A second limitation was the fact that some subjects had difficulty using biofeedback to maintain a constant pre-cocontraction feedback level. This likely increased the variability observed in the pre-impact triceps precocontraction level.
A third limitation was the lack of data on the onset of shoulder extension or abduction rotation which would have informed the question of whether shoulder flexor and/or adductor muscle reflexes are rapid enough to change shoulder muscle stiffness before those muscles are stretched. However, given the onset of shoulder motion at 34 ms, the present results suggest this is unlikely, even if the muscle reflex latencies for triceps have shorter reflex arcs.
A fourth limitation related to the relatively modest impulsive force induced by the drop-weight-and-rotating beam apparatus which amounted to approximately 0.25* BW (Table 3) . While it sufficed to impart a realistic ''jolt'' to accelerate both arm segments and torso upwards by approximately 10 cm, it is certainly less than the more than 1*BW force that occurs during falls onto a hard surface (see review in ''Introduction''). However, subject safety was paramount in these experiments involving older adults, especially since we did not inform subjects of the exact time of release; they could not anticipate the timing of the impact as in a real fall. 9, 11, 18, 29 This means that the neural 'set' and reticular activation of the motor control system might have been less in these subjects than during a real fall arrest. For example, the vestibular system was inactivated by the stimulus, there was no visual stimulus from an onrushing surface to clue one into when impact would occur, and there was imprecise anticipation of when 'ground contact' would occur.
Our experiment helps one consider upper extremity responses in the act of bracing oneself against steering wheel or the dashboard of a car before a frontal crash whose exact timing is uncertain. Our results on the latencies of the kinematic movements are conservative since in real falls Dietz et al. 12 have shown latencies half (i.e., 10-20 ms) those measured in this experiment (i.e., 27 ms, Fig. 2e ). Thus the longer latency to a lower peak loading we used in this paper is more reflective of landing on or striking a soft rather than a hard surface. 8 Hence, in a real fall, there would be even less time for reflexes to increase muscle forces than in the present experiment.
The most important result from this study is the marked effect of pre-cocontraction level and gender on the propagation of an impulse along the upper extremity. Furthermore, the ''preflex'', 4 resulting from forced stretch of pre-activated muscle, with its increased stiffness and viscosity property states, is more important than reflexes in dictating the response of an arm to an impulsive end load. We conclude that there is insufficient time for muscle reflexes to significantly increase muscle resistance to arm buckling when using the arm to protect the torso and head from impact. The present results suggest that if this is true for a fall onto a soft surface, then it is most certainly true for a fall onto a hard surface because there is even less time for the reflexes to have any meaningful effect.
